Abstract. Nup116p is a member of a family of five yeast nuclear pore complex (NPC) proteins that share an amino terminal region of repetitive tetrapeptide "GLFG" motifs. Previous experiments characterized the unique morphological perturbations that occur in a nup116 null mutant: temperature-sensitive formation of nuclear envelope seals over the cytoplasmic face of the NPC (Wente, S. R., and G. Blobel. 1993. J. Cell Biol. 123:275-284). Three approaches have been taken to dissect the structural basis for Nupll6p's role in NPC function. First, deletion mutagenesis analysis of NUPll6 revealed that the GLFG region was required for NPC function. This was not true for the other four yeast GLFG family members (Nup49p, Nup57p, Nupl00p, and Nup145p). Moreover, deletion of either half of Nup116p's GLFG repeats or replacement of Nupll6p's GLFG region with either Nupl00p's GLFG region or Nsplp's FXFG repetitive region abolishes the function of Nupl16p. At a semipermissive growth temperature, the cells lacking Nupl16p's GLFG region displayed a diminished capacity for nuclear import. Second, overexpression of Nup116p's GLFG region severely inhibited cell growth, rapidly blocked polyadenylated-RNA export, and fragmented the nucleolus. Although it inhibited nuclear export, the overexpressed GLFG region appeared predominantly localized in the cytoplasm and NPC/nuclear envelope structure was not perturbed in thin section electron micrographs. Finally, using biochemical and two-hybrid analysis, an interaction was characterized between Nupl16p's GLFG region and Kap95p, an essential yeast homologue of the vertebrate nuclear import factor p97/Imp90/karopherin [3. These data show that Nup116p's GLFG region has an essential role in mediating nuclear transport.
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T HE exchange of macromolecules across the double lipid bilayer that separates the nuclear and cytoplasmic compartments is mediated by nuclear pore complexes (NPCs) 1 (Paine et al., 1975; Feldherr et al., 1984; Dworetzky and Feldherr, 1988) . These large proteinaceous assemblies are believed to be architecturally and functionally similar in all eukaryotic organisms (Maul, 1977; Forbes, 1992; Davis, 1995) . Questions concerning NPC biochemical composition, the mechanism of translocation through the NPC, and the pathways for assembly of NPCs are actively being studied. Numerous groups have directed their efforts at molecularly characterizing individual NPC polypeptides (Rout and Wente, 1994) . Based upon an esti-mated molecular mass of over 108 daltons (Reichelt et al., 1990) and the complexity of the polypeptide fraction isolated with purified yeast NPCs (Rout and Blobel, 1993) , the NPC may be composed of up to 100 distinct proteins (nucleoporins).
A family of five "GLFG" nucleoporins from the yeast Saccharomyces cerevisiae is of particular interest. Each member of the GLFG family possesses an amino terminal region with multiple repeats of the tetrapeptide glycineleucine-phenylalanine-glycine (GLFG) separated by essentially uncharged spacers enriched in glutamine, asparagine, serine, and threonine (Wente et al., 1992; Wimmer et al., 1992; Fabre et al., 1994; Wente and Blobel, 1994; Grandi et al., 1995) . Based upon primary amino acid sequence similarities, a putative homologue (rat (r) Nup98p/ Xenopus p97) of this yeast GLFG family has recently been isolated from vertebrate cells (Powers et al., 1995; Radu et al., 1995a) . Characterization of the genes that encode the yeast GLFG nucleoporins has led to the hypothesis that this family is required for the functional integrity of the NPC. Three are essential for cell growth; Nup49p (Wente et al., 1992; Wimmer et al., 1992) , Nup57p (Grandi et al., 1995) , and Nup145p (Fabre et al., 1994) . The absence of Nupll6p results in temperature sensitive growth (Wente et al., 1992; Wente and Blobel, 1993) , whereas deletion of NUPIO0 has no effect on cell viability (Wente et al., 1992) .
Diverse effects on both nuclear transport and structure are observed with mutant alleles of the yeast GLFG genes. Conditional alleles of NUP49 or the depletion of Nup145p inhibit both protein import and RNA export (Schlenstedt et al., 1993; Doye et al., 1994; Fabre et al., 1994) . Deletion/ disruption of the amino-terminal half of NUPI45 does not affect NPC transport but it does result in the constitutive formation of localized NPC clusters in aggregated patches of nuclear envelope (Wente and Blobel, 1994) . The absence of Nupl16p results in the formation of intranuclear annulate lamellae at all growth temperatures, and the temperature sensitive formation of nuclear envelope seals over the cytoplasmic face of the NPC and blockage of RNA export (Wente and Blobel, 1993) . The Xenopus GLFG nucleoporin p97 also plays a critical role in nuclear physiology. Although its depletion from nuclear assembly extracts does not abolish NPC assembly or protein import, its absence blocks nuclear growth and DNA replication (Powers et al., 1995) .
As regions with extensive stretches of repetitive GLFG motifs appear to be an exclusive feature of nucleoporins, this region may reflect a common functional property of these proteins; be it for interactions with another class of nucleoporins or with transport substrates (Wente et al., 1992) . In contrast, the unique carboxy-terminal regions may mediate distinct roles for each member of the family. It has also been suggested that the GLFG regions will be functionally redundant with one another, such that deletion of a GLFG region from just one will have no effect on cell viability. For the yeast nucleoporins Nsplp and Nup2p of a different repetitive motif family (their central regions have degenerate FXFG repeats separated by highly charged spacers), the FXFG repetitive region is not essential for cell growth (Nehrbass et al., 1990; Loeb et al., 1993) .
Is there an essential function for the GLFG repetitive regions? A recent study with rNup98p has proposed a rote for GLFG repetitive regions in nuclear import (Radu et al., 1995a, b) . Protein import is a sequential process that requires distinct cytosolic components for recognition of a nuclear localization signal (NLS) within the transport substrates, docking at the cytoplasmic face of the NPC, and then energy-dependent translocation through the NPC (for reviews Moore and Blobel, 1994; Powers and Forbes, 1994; Melchior and Gerace, 1995) . Although rNup98p is localized to the nucleoplasmic face of the NPC, Blobel and coworkers defined an in vitro, NLS-dependent interaction between the GLFG region of rNup98p and a complex of vertebrate cytosolic components required for the docking step of protein import (Radu et al., 1995a, b) . This docking complex is comprised of at least the NLS-bearing ligand and two protein subunits; the NLS receptor/importin/ Srplp/karopherin c~ Adam and Adam, 1994; Gorlich et al., 1994; Moroianu et al., 1995; Weis et al., 1995) and p97/Imp90/karopherin 13 (Adam and Adam, 1994; Chi et al., 1995; Gorlich et al., 1995; Radu et al., 1995b) .
Although the docking complex may bind to a GLFG region in vitro, a cellular, in vivo requirement for a GLFG region has not been demonstrated. In fact, Xenopus nuclei depleted of the GLFG nucleoporin p97 are still competent for import (Powers et al., 1995) . In this paper we report the characterization of the essential GLFG region of Nupll6p, and demonstrate that in vivo this GLFG region plays a role in NPC function. Moreover, a direct interaction is characterized between Nupll6p's GLFG region and Kap95p, an essential yeast homologue of the vertebrate p97/Imp90/karopherin 13 import factor. Table I describes the plasmids that are referred to in this study. For the KAP95 constructs, two oligonucleotides (L15-#1 = GAGGGATCCCC-ACCGCTGAATTTGCTCAACT; L15-#2 = CGCGGATCCATACA-TTGACTATTAACGCGCAG) were used in the polymerase chain reaction to create a BamHI restriction fragment of the KAP95 open reading frame for insertion into pGEX-3X, pBJ382, and pCH436, generating pSW327, pSW275, and pSW310, respectively. In a similar manner, oligonucleotides (L15-#3-2 = TTGGGATCCTAACATGGTFAGGGGCAT-ACTG; L15-#2) were used to create a BamHI restriction fragment of the KAP95 open reading frame for insertion into pRS316, generating pSW271.
Materials and Methods

Strains and Plasmids
Yeast strains were grown in either YEP (1% yeast extract, 2% bactopeptone) or synthetic minimal media plus appropriate amino acids supplemented with 2% of the indicated sugar (glucose, raffinose, or galactose). Yeast transformations were completed by the lithium acetate method (Ito et al., 1983) and general manipulations of yeast cells were conducted as described by Sherman et al. (1986) . The kap95 null strain was made by the method of Baudin et al. (1993) with pBM2815 and two 64-mer oligonucleotides (L15-#4 = ACTGA'ITFAACAGTAATCCATCATATCA-CACAAGGAGCAATGTCCGGCCTCCTCTAGTACCTC; L15-#5 = AGATGGAAAAGAACCAAAATCAGCTI'GTAAGTTCTATCGTAATrAGCGCGCCTCGTPCAGAATG). This generated a ~l,100-bp H1S3 fragment flanked on the 5' with 45 bp of sequence from bp +6 to -38 of KAP95 and on the 3' with 45 bp of sequence from bp +2583 to +2627. The fragment was transformed into the diploid W303 . The heterozygous null strain genotype KAP95/ kap95::HIS3 (SWY491) was confirmed by genomic colony polymerase chain reactions and by complementation with pSW271 (see Fig. 7 ).
Bacterial strains were cultured in SOB media and transformed by standard methods (Sambrook et al., 1989) . DH5a was used for pGEX-3X and pOE-32 based plasmids; JM109 was used for pMAL-cRI based ptasmJds (except for pSW260 which was transformed into M15 [Quiagen, Inc., Chatsworth, CA]).
Immunofluorescence
Early log phase yeast ceils were prepared for immunofluorescence experiments by a modified method of Kilmartin and Adams (1984) (Wente et al., 1992) . Fixed ceils were incubated with the appropriate antibody (antiIgG antibody at 1:1,000 for detection of IgG-binding domains, undiluted tissue culture supernatant MAb D77 (Henriquez et al., 1990) for detection of Noplp; rabbit anti-glutathione S-transferase (GST) antibody (generous gift of D. Schafer, Washington Univ., St. Louis, MO) at 1:100 for detection of GST fusion proteins) for 16 h at 4°C. After washing with 40 mM K2HPO4, 10 mM KH2PO 4,150 mM NaCI, 0.1% NAN3, 0.1% Tween 20, 2% nonfat dry milk (M buffer) alone, detection of bound antibody was accomplished by incubation with affinity-purified FITC-conjugated goat anti-mouse lgG (Cappel Laboratories, Organon Teknika Corp., Durham, NC) at a 1:200 dilution for 1 h at room temperature for mAb D77, or affinity-purified Texas Red-conjugated goat anti-rabbit IgG (Cappel Laboratories) at a 1:200 dilution for 1 h at room temperature for anti-IgG antibody and anti-GST antibody. The final washes in M buffer and then 1% BSA-PBS were followed by mounting with 90% glycerol, 1 mg/ml p-phenylenediamine, 0.05 ixg/ml DAPI at pH 8.0. Photographs were taken with the 100× objective on an Olympus microscope with Kodak T-MAX 400 film.
Cell Fractionation and Immunoblotting
Bacterial cell extracts for immunoblotting were made by resuspending the pelleted cells in 100 mM Tris-HC1, pH 7.5, 50 mM NaCI, 10 mM EDTA, 5 (Guarente, 1982) ; pRS314, pRS315, and pRS316 (Sikorski and Hieter, 1989) ; pMAL-cRI (Maina et al., 1988) ; pCH436 for lexA~D fusion proteins, and pCH358 for GAL4AD fusion proteins (generous gifts of C. Hardy, Washington Univ., St. Louis, MO); pBJ425 for GAL-inducible constructs and pBJ382 for GAL-inducible GST-fusion proteins (generous gifts of C. Hug, Washington Univ., St. Louis, MO); pQE-32 (Quiagen); pGEX-3X (Pharmacia).
mM D'Yr, 1 mM PMSF, 2 mg/ml lysozyme. After 5 min at 4°C, a 1/10th volume of 2.2 M NaOH/8% 2-mercaptoethanol was added and the total protein was precipitated with trichloroacetic acid. Total yeast cell extracts were made as described by Yaffe and Schatz (1984) . Protein samples were electrophoresed in SDS-polyacrylamide gels (Laemmli, 1970) and either stained with Coomassie brilliant blue or transferred electrophoretically to nitrocellulose membranes. Blots were probed with a rabbit polyclonal anti-Nupll6 carboxy-terminal antibody at 1:3,000 (1 h at room temperature), a 1:5 dilution of mAb192 tissue culture supernatant (Wente et al., 1992) (16 h at 4°C), or anti-[3-galactosidase antibody at 1:1,000 (1 h at room temperature) as indicated. All dilutions were made in 10 mM "Iris-HCI, pH 8.0, 150 mM NaCl, 0.05% Tween 20 (TBST)/2% milk. For immunoblotting with MAb192, blots were further incubated with a rabbit antimouse IgM (Zymed, So. San Francisco, CA; 1:1,000 dilution). With washes between, incubations with affinity-purified alkaline phosphataseconjugated anti-rabbit IgG (Promega Corp., Madison, WI) (diluted I: 7,500) were conducted. Blots were developed via color visualization with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-l-phosphate (Promega).
Electron Microscopy
Preservation of both protein and membrane structures in the electron mi-croscopy studies was obtained using the protocols described in Wente and Blobel (1993) . Briefly, SWY147 (pSW163 in W303a) cells were grown to early logarithmic phase in SC-ura, 2% raffinose before shifting to SC-ura, 2% galactose for 5 h and immediately fixed by resuspension of the cell pellet in 40 mM K2HPO4-KH2PO4, pH 6.5, 0.5 mM MgC12 containing 2% glutaraldehyde, 2% formaldehyde (incubation on ice overnight). After cell wall digestion and osmium postfixation (Byers and Goetsch, 1991) , the samples were embedded in EPON. Thin sections collected on nickel grids coated with formvar, stabilized with carbon, were contrasted by staining with uranyl acetate and Reynold's lead. Specimens were visualized with a Zeiss-902 electron microscope, and photographs were recorded with Kodak electron microscopy film.
Nuclear Transport Assays
For analysis of nuclear export the localization of polyadenylated RNA was detected by in situ hybridization. Early logarithmic phase cultures of SWY147 cells were grown in SC-ura, 2% raffinosc before shifting to SCura, 2% galactose for 5 h. The cells were processed as described for immunofluorescence through the methanol/acetone dehydration step. The cellcoated slides were rinsed with sterile 2x SSC (0.3 M NaC1, 30 mM sodium citrate, pH 7), and the subsequent in situ hybridization steps were conducted exactly as described by Forrester et al. (1992) . The oligonucleotide poly(dT)30 probe was end labeled by terminal transferase (GIBCO BRL, Gaithersburg, MD) with digoxigenin-11-dUTP (Boehringer Mannheim, Mannheim, Germany) (Amberg et al., 1992) . Anti-digoxigenin-fluorescein fAB fragments were obtained from Boehringer Mannheim. Photographs were taken with the 100x objective on an Olympus microscope with Kodak T-MAX 400 film. Nuclear import capacity was assessed by monitoring the localization of a GALl induced Green-Fluorescent-Protein (GFP)-histone H2B1 fusion protein (expressed from pJON280, a generous gift of J. Loeb, MIT, Boston, MA). A haploid strain with an integrated copy of nupll6 with an internal deletion of the GLFG region was generated (SWY387: Mat a ade2-1 urn3-1 . Wild type W303a and mutant SWY387 cells transformed with pJON280 were grown at 30°C in SC-ura/raffinose media before shifting to growth in galactose for 5 h. Subcellular distribution was directly observed and photographs were taken as above.
Ligand Blot Assay
Crude lysates of E. coli-expressing GST-Kap95p were prepared after induction with 0.3 mM IPTG (for 3 h) of a 500 ml of LB-rich/AMP culture initially at an optical density of 0.5. PMSF was added to 0.2 mM, the culture was chilled on ice for 10 min and cells were pelleted and resuspended in 40 ml of ice-cold 150 mM NaCl, 20 mM NaP~, 0.01% NaN3, pH 7.3, plus 10 mM EDTA, 0.1 mM DTT, 0.1 mM PMSF, 0.1 txM pepstatin A, 0.1 p~M leupeptin, 0.1 mM benzamidine. The cells were frozen (at -70°C) and thawed twice before sonication (60 1-s pulses). The suspension was clarified by centrifugation at 9,000 rpm for 20 rain in Sorvall SA 600 rotor. The resulting lysate was dialyzed at 4°C to equilibrium against 20 mM Hepes-KOH, 7.3, 110 mM KOAc, 2 mM Mg(OAc)2, 1 mM EGTA, 2 mM DTT (buffer A).
Crude lysates of E. coil-expressing 6xHis-Srplp were prepared exactly as described for the purification of recombinant importin in Gorlich et al. (1994) . The resulting crude lysate was dialyzed in buffer A overnight.
The ligand blot assay was completed as described by Radu et al. (1995a) with the following modifications. Bacterial lysates of cells expressing maltose-binding protein (MPB) fusion proteins were prepared and electrophoretically transferred to nitrocellulose membrane. The nitrocellulose blots were rinsed with distilled water twice, and washed in 40% isopropanol (two 10-rain washes). After extensive washing in distilled water, the blots were blocked (blocking buffer = PBS, 0.2% Tween, 0.2 mM PMSF), and washed two times in buffer A plus 2 mg/ml gelatin (Sigma Chem. Co., St. Louis, MO). Crude bacterial lysates at 5 mg/ml each containing GST-Kap95p and 6xHis-Srplp were combined (plus 2 mg/ml gelatin) and incubated with NLS coupled to human serum albumin (HSA) (NLS-HSA, 1 ~g/ml final) for 15 min at room temperature. The NLS peptide (CGGGPKKKRKVED) and the reverse-NLS peptide (CGGGDE-VKRKKKP) were synthesized by SyntbAssist (St. Louis, MO); HSA (Calbiochem Novabiochem, La Jolla, CA) was coupled to the peptide by the method of except that protein concentration was completed with a Centricon-30. After adding Tween-20 to 0.2%, the mixture was incubated with the nitrocellulose blots for 1 h at room temperature. The blots were washed in buffer A/gelatin, and blocked for 5 min in blocking buffer. Bound NLS-HSA was detected by incubation with rabbit anti-HSA IgG (Sigma) at 1:6,000 in block buffer, followed by alkaline phosphatase-conjugated anti-rabbit antibody, Bound GST-Kap95p was detected by incubation with tissue culture supernatant containing mAb against GST (generous gift of H. Piwnica-Worms, Washington Univ., St. Louis, MO), followed by alkaline phosphatase-conjugated anti-mouse antibody. Blots were developed via color visualization as for immunoblots.
Crude Lysates and Glycerol Gradients
SWY273 (pSW199 in W303c 0 yeast cells were grown to early log phase in SC-ura, 2% glucose before shifting to SC-ura, 2% galactose overnight. Cells were pelleted and washed twice with distilled water, and twice with lysis buffer (20 mM NaC1; 0.2 mM MgCl2, 20 mM Tris-Cl, 7.5). Protease inhibitors (0.1 mM PEFABLOC SC, 0.1 mg/ml aprotinin, 0.1 mg/ml leupeptin, 0.1 M benzamidine, 0.1 mg/ml chymostatin) were added before lysis using a bead beater (30-s pulses, 2 min rest, 10 cycles). The suspension was clarified by centrifugation at 9,000 rpm for 10 min in the Sorvall SA600 rotor (Sorvall Instrs. Div., Newton, CT).
Bacterial lysates of cells expressing MBP fused to Nupl16p-GLFG were prepared as follows. The vector pSW260 was transformed into strain M15. Bacteria were grown in 1 L SOB/AMP/KAN at 37°C to an optical density of 0.5, and induced with 0.3 mM IPTG for 2 h. Cells were collected by centrifugation at 4,000 g for 20 min, and resuspended in 50 ml Lysis buffer (10 mM Na2HPO4, 0.03 p.M NaCI, 0.25% Tween 20, 10 mM EDTA, 10 mM EGTA) plus 0.007% 2-mercaptoethanol and protease inhibitors (see above, this section). 50 milligrams of lysozyme was added, and cells were incubated on ice for 30 min. Cells were lysed by sonication (15-s bursts for a total of 3 min); 5 ml of 5 M NaC1 was added and the suspension was clarified by centrifugation at 9,000 g for 30 min.
11-ml 5-20% continuous glycerol gradients were poured. 500 ~tl of each lysate was loaded onto the top of a glycerol gradient followed by centrifugation at 40,000 rpm for 20 h at 4°C in a SW41 rotor in the Beckman L7-65 ultracentrifuge. Standards were loaded onto a separat e gradient, and the protein concentration of each fraction was examined by the BradfordLowry assay (OD595). Proteins were precipitated from each of the lysate fractions using trichloroacetic acid and examined by immunoblot. Protein A-GLFG was detected as described above; MBP-GLFG was detected using anti-MBP antibody (Dupont NEN, Boston, MA) at 1:10,000 for 1 h at room temperature, followed by alkaline phosphatase conjugated anti-rabbit antibody. Detection was completed by color assay as described.
[3-Galactosidase Assays for Two-Hybrid Interactions
Yeast strain LA0 (MATa, his3A200 trpl-901 1eu2-3,112 ade2 L YS2::(lexAop)4-H1S3 URA::(lexAop)s-LacZ) (gift of S. Hollenberg) was cotransformed with the various pCH436 and pCH358 constructs (generous gifts of C. Hardy, Washington Univ., St. Louis, MO, see Table I ). Transformants were first tested for 13-galactosidase expression by scoring for blue color with the filter assay described in Breeden and Nasmyth (1985) . Quantitative analysis of the 13-galactosidase expression levels was determined as described in Guarente (1983) .
Results
The GLFG Region of Nupll6p Is Required for Cell Viability
Previous studies have shown that the GLFG regions of Nup57p, Nupl00p, and Nup145p are not required for cell viability (Grandi et al., 1995; Wente et al., 1992; Wente and Blobel, 1994) . To test whether this was also true for the GLFG regions of Nup49p and Nupl16p, inframe deletions of their GLFG regions were tested for their ability to complement the respective null mutations. A CEN/LEU2 plasmid with the nup49AGLFG gene (pSW117) was transformed into a diploid strain heterozygous for a nup49 null allele (URA3 tagged) (SWY1, Wente et al., 1992) . Dissection of tetrads from these sporulated diploids yielded viable Leu+/Ura+ haploids (Fig. 1) . This revealed that the lethal phenotype of the nup49 null mutation was rescued by expression of a protein lacking all the GLFG repeats. Every tetrad did not result in a 4:0 segregation because the CEN plasmid expressing the complementing gene was not faithfully inherited by every spore. Thus, the carboxy-terminal region of Nup49p was sufficient for NPC function.
To reveal the structural basis of Nupll6p function, a series of deletion and truncation mutations were generated and analyzed (Fig. 2 C) . The mutant nup116 genes on CEN/TRP1 plasmids were individually transformed into a yeast haploid strain harboring both a chromosomal nup116 null allele (HIS3 tagged) and a wild-type NUPll6 on a CEN/URA3 plasmid (SWY127, Wente and Blobel, 1994) . If the mutated gene retained its essential function, the respective strain would grow in the absence of the wild-type NUPll6/URA3 plasmid and form colonies at 37°C on media containing 5-fluoroorotic acid (5-FOA). The expression of the deleted/truncated polypeptides was monitored by immunoblotting whole yeast cell extracts with either an anti-GLFG monoclonal antibody or with a polyclonal antibody directed against the carboxy-terminal region of Nupll6p. Immunoblot analysis confirmed all those lacking the GLFG region were stably expressed (Fig. 2 D) . As seen in Fig. 2 A, expression of the carboxyterminal region of Nup116p did not allow cell growth at 37°C. This is in contrast to the results shown in Fig. 1 for Nup49p and indicates a role for the GLFG region of Nupll6p in NPC function. Although the Nupll6p-GLFG was necessary it may not be sufficient to rescue lethality, as reflected by the lack of growth when the entire carboxyterminal region was deleted. However, because the polypeptide lacking the carboxy-terminal region was barely detectable by immunoblotting (data not shown), the lack of growth was possibly due to lowered expression level or protein instability.
Because Nupl16p was the only yeast nucleoporin that demonstrated a clear requirement for its GLFG region, further studies of GLFG function focused on this protein.
First, a BgllI site was inserted in the NUP116 gene in the middle of the Nupll6p-GLFG region. This enabled the construction of two nup116 alleles; one with only the first half of the GLFG region and one with only the second half. When tested for their ability to complement the nup116 null allele, neither half alone was sufficient (Fig. 2   B) . To test whether the GLFG regions from different yeast nucleoporins are functionally interchangeable or whether the FXFG repetitive region functions similarly, fragments encoding either the GLFG region of Nupl00p or the FXFG region of Nsplp were inserted in place of Nup116p's GLFG region. The fusion proteins were assayed for their ability to allow growth of the nup116 null strain at 37°C. The lack of growth when either of these were expressed revealed that neither Nupl00p's GLFG region nor Nsplp's FXFG repetitive regions can substitute for Nupll6p's GLFG (Fig. 2 B) .
Deletion of Nup l l 6p 's GLFG Region Inhibits Protein Import
To further characterize the phenotype of a strain expressing only a Nupl16p protein lacking the GLFG region (nup116AGLFG), the gene encoding the Nupl16A2 construct shown in Fig. 2 was integrated into the chromosome.
As expected, the nup116AGLFG strain (SWY387) was temperature sensitive. However, with a doubling time of 3.5 h in rich media at 23°C, the nup116AGLFG strain was notably healthier than a strain harboring a nup116 null allele (6 h doubling time [Wente and Blobel, 1993] ). To examine the affect of the nup116AGLFG allele on nuclear protein import, the strain was transformed with a URA3 plasmid encoding a GFP-histone H2B1 fusion protein under control of the GALl promoter . The cells were grown in galactose media at a semipermissive temperature of 30°C and examined directly by fluorescence microscopy (Fig. 3) . In similarly treated wildtype ceils, the fluorescent signal for the GFP-histone accumulated primarily in the nucleus. By comparison, the cytoplasmic staining in the nupll6AGLFG cells was markedly enhanced (60% of the nup116AGLFG cells). Thus, deletion of Nup116p's GLFG region diminished the import capacity of the cell.
Overexpression of Nup116p-GLFG Region Inhibits Cell Growth
As described in previous studies, the overexpression of full-length NUP116 severely inhibits the growth of wildtype cells (Wente and Blobel, 1993) . This inhibition of cell growth may reflect the titration of an essential, Nupll6p-interacting protein by the excess Nupt16p. Such dominant negative phenotypes have been extensively used in the study of yeast cell biology (Rine, 1991 Figure 2 . Nupl16p GLFG region is required to rescue the temperature sensitivity associated with the nup116 null.
Each of the plasmids shown in (C) (also see Yeast lysates were separated on a 6% SDS-polyacrylamide gel, and transferred to nitrocellulose as described in the Materials and Methods. The immunoblots were probed with a rabbit polyclonal antibody generated against the carboxy terminus of Nupll6p. This antibody recognizes a nonspecific band migrating at ~118 kD that is seen in all of the strains shown. Yeast lysates were prepared from each of the strains after growth on 5-FOA except for the strain bearing the Nup116A12 plasmid (therefore, the lysate from this strain also reveals a band corresponding to the FL Nupll6p). Apparent molecular mass of protein products: FL (116 kD), A1 (95 kD), A2 (63 kD), A12 (52 kD), A4 (89 kD), A2+100 (116 kD), A2+FXFG (109 kD), A2+l (91 kD), A2+2 (95 kD). V, Vector. mapped by placing each region under control of the GALIO promoter on a multicopy plasmid (Fig. 4 C, 
top).
The plasmids were transformed into a wild-type haploid strain and the relative expression level of each construct detected by immunoblotting (Fig. 4 D) . Overall, a considerable overproduction of each construct was achieved compared to the levels of endogenous Nupll6p. The effect on cell growth was monitored on plates containing either galactose or glucose as a carbon source (Fig. 4 A) . As shown in Fig. 4 , overexpression of the Nupll6p-GLFG region alone was sufficient for the lethal gain-of-function phenotype. Clearly, overexpression of the construct lacking just the central GLFG region also inhibited cell growth. However, overexpression of the carboxy-terminal region alone had no effect on cell growth. Therefore, the first region of Nupll6p may also have a toxic effect on the cell (possibly via its degenerate GLFG repeats).
The lethal Nup116p-GLFG overexpression phenotype also appeared to be unique for just this particular nudeoporin's GLFG region. Overexpression of each of the GLFG regions of Nupl00p, Nup145p, Nup49p, and Nup57p (Fig. 4 C, bottom) did not inhibit cell growth (Fig. 4 B) .
This suggests that the GLFG motif itself is not strictly responsible for the dominant negative phenotype. Instead, it may be attributed to a structural difference among the GLFG regions, or perhaps to an amino acid sequence which is specific to the spacer regions between the GLFG motifs. However, it is clear that the only GLFG region with a loss-of-function phenotype when deleted also conferred a specific gain-of-function phenotype when overexpressed. This suggested that Nupll6p's GLFG region had a novel NPC function.
Overexpression of Nup l 16p-GLFG Phenotype Blocks R N A Export
To examine whether the GLFG-overexpression toxicity was coincident with any perturbations of NPC function, Figure3. A strain lacking the Nup116p-GLFG region exhibits a diminished capacity to import when grown at a semipermissive temperature. The plasmid pJON280 (GAL1-GFP-histoneH2B1) was transformed into each of the wildtype strains (W303cx, ade2-1 ura3-1 his3-11, 15 trpl-1 leu2-3,112 canl-lO0) the nuclear transport capacity of the overexpressing cells was measured by monitoring the in situ localization of an export substrate, polyadenylated RNA. Before induction of Nup116p-GLFG overexpression (in raffinose grown cells), the signal was diffuse and cytoplasmic (Fig. 5 B) . However, upon overexpression (growth in galactose media for 5 h), the fluorescence signal was predominantly nuclear in 70% of the cells (Fig. 5 B) . This discrete nuclear localization reflected the inability of the polyadenylated RNA to reach the cytoplasm in cells overexpressing the Nupll6p-GLFG region. Protein import capacity with GAL-induced reporters could not be monitored as introduction of any other plasmid bearing a GAL-driven gene abolished the lethal GLFG overexpression phenotype (presumably due to a lowered GLFG expression level).
Fragmentation of the nucleolus has been observed in several conditional nuclear transport mutants (Schneiter et al., 1995) . In particular, cells depleted of Srplp (the yeast NLS-receptor ), or cells harboring conditional alleles of either RNA1, a cytoplasmic GAP for Ran/TC4 (the small G-protein required for the translocation step of protein import [Melchior et al., 1993; Moore and Blobel, 1993; Bischoff et al., 1995] ), or PRP20, a GEF for Ran/TC4 (Dasso, 1993) , are inhibited for nuclear transport and show coincident nucleolar fragmentation Kadowaki et al., 1994; Yano et al., 1994; Loeb et al., 1995) . The structure of the nucleolus in the Nupll6p-GLFG overexpressing cells was examined by indirect immunofluorescence microscopy with a monoclonal antibody that recognizes Noplp, a yeast nucleolar protein (mAb D77; Henriquez et al., 1990) . Before induction of overexpression, the cells exhibited a single cresent-shaped nucleolus (Fig. 5 D) . After induction, the nucleoli appeared to be fragmented into multiple intranuclear foci. Therefore, as evidenced by both blocked RNA export and the fragmented nucleoli, nuclear transport in the GLFGoverexpressing cells was perturbed.
A Role for the GLFG Region of N u p l l 6 p in Nuclear Transport
The physiological basis of the GLFG overexpression toxicity may be due to several different perturbations. First, NPC/nuclear envelope structure could be grossly altered such that transport was indirectly blocked. To evaluate this, the ultrastructure of the overexpressing cells was examined by thin section electron microscopy (Fig. 6) . The intranuclear electron dense patches in the overexpressing cells may reflect the nucleolar fragmentation shown in Fig.  5 D. As shown in Fig. 6 , the NPCs and the nuclear envelope appeared intact in the cells overexpressing Nupll6p-GLFG, with no major structural perturbations. However, subtle structural changes would not be detected at this level of resolution.
A second possibility is that the overexpressed Nupll6p-GLFG binds to and thereby inhibits the function of an essential transport factor. This is consistent with the deletion analysis suggesting that Nupll6p-GLFG plays a critical role in nuclear transport. The Nupll6p-GLFG region was tagged at the amino terminus with five tandem IgG-binding domains from S. aureus (Protein A), and overexpression of this fusion protein was also dominant negative in wild-type cells (data not shown). Indirect immunofluorescence microscopy was conducted to reveal the subcellular distribution of the Protein A -G L F G fusion protein. By the direct binding of IgG, as shown in Fig. 7 , the fusion protein was localized predominantly in the cytoplasm. Although little or no intranuclear staining was detected (as defined by the DAPI localization), the Protein A -G L F G protein was not excluded from the nuclear periphery. Figure 4 . Overexpression of Nupl16p's GLFG region of Nup116p inhibits cell growth. Each of the plasmids shown in (C) (also see Table I ) was transformed into yeast strain W303ct (ade2-1 ura3-1 his3-11, 15 trpl-1 leu2-3,112 canl-100) . The assay for growth was completed on SC-ura, 2% glucose or 2% galactose. The strains on glucose plates were incubated at 30°C for 3 d, the strains on galactose plates were grown at 30°C for 5 d. (A) Overexpression of Nuplt6p-GLFG is sufficient to inhibit cell growth. Each of the constructs which bears GLFG repeats (or degenerate GLFG repeats, as in A2) is inhibited for growth on galactose media. (B) Inhibition of cell growth is specific to overexpression of Nupll6p-GLFG. (D) Immunoblot analysis of each of the strains shown in A. Yeast lysates were separated on an 8% SDS-polyacrylamide gel, and transferred to nitrocellulose. For the FL Nupll6p and Nupll6A13 region, the immunoblot was probed with mAb192. For the Nupll6A1, Nupll6A2, Nupll6A12 constructs, the immunoblot was probed with a rabbit antibody against Nupll6p carboxy terminus. For the empty vector (V), the immunoblot was probed with an antibody against 13-galactosidase. Apparent molecular mass of protein products: FL (116 kD), A1 (95 kD), A2 (63 kD), A12 (52 kD), A13 (45 kD), 13-galactosidase (117 kD). (E) Immunoblot analysis of each of the strains shown in B. Yeast lysates were separated on a 10.5% SDS-polyacrylamide gel, and transferred to nitrocellulose. This immunoblot was probed sequentially with mAb192, followed by rabbit anti-IgM antibody. Apparent molecular mass of protein products: Nup145-GLFG (26 kD), Nupl00-GLFG (52 kD), Nup49-GLFG (34 kD), and Nup57-GLFG (32 kD).
Thus, this experiment did not distinguish whether such an essential, GLFG-interacting transport factor was soluble or NPC associated.
Lysates from the yeast cells overexpressing the Protein A -G L F G fusion were prepared and analyzed by gel filtration chromatography (data not shown) and glycerol gradient sedimentation (Fig. 8) . The yeast-expressed Protein A -G L F G protein has a predicted molecular mass of ~80 kD, yet it behaved as an ~150-kD protein. In contrast a bacterially expressed MBP-GLFG fusion (predicted ~90 kD) sedimented as a monomer. Addition of 1% SDS to the yeast lysates resulted in the coincident migration of the yeast and bacterial fusion proteins. These results suggested that the Nupll6p-GLFG did not self-dimerize and that it may be in a high molecular weight complex with another yeast protein(s).
Based upon studies by others in vertebrate cells (Radu et al., 1995a, b) , two obvious candidates for such GLFGinteracting proteins were yeast Srplp (the NLS-receptor/ importin/karopherin et homologue) and an uncharacterized yeast homologue of the vertebrate transport factor p97/Imp90/karopherin ~. The vertebrate homologues of these two proteins form a docking complex for nuclear import (Adam and Adam, 1994; Chi et al., 1995; Gorlich et al., 1995; Moroianu et al., 1995) . This docking complex interacts in vitro with the rat GLFG protein rNup98p (Radu et al., 1995a, b) . Binding of Srplp to Nupll6p-GLFG seemed unlikely as Davis and coworkers showed that
The JOUlTIal of Cell Biology, Volume 131, 1995 Figure 5 . Characterization of the Nupl16p-GLFG overexpression phenotype. The strain which bears the Nupll6p-GLFG region behind a galactose inducible promoter was grown in 2% raffinose (t = 0) before shifting to 2% galactose for 5 h (t = 5). The strain bearing the empty plasmid (pNLS-E1) was treated identically in these experiments. Samples from each time point were processed for in situ hybridization (A and B) or for immunofluorescence (C and D). Coincident staining of the nuclei (using DAPI) is shown for each panel. Cells in A and C represent the strain bearing the empty plasmid, whereas cells in B and D represent the strain which overexpresses the Nupll6-GLFG region. (B) Nuclear accumulation of poly(A) ÷ RNA after growth in galactose media. There is no coincident nuclear staining in the control strain (A). (D) Fragmentation of nucleolar proteins localized after growth in galactose media as assayed by detection with mAbD77 against Noplp. Nucleolar fragmentation was not observed in the control strain (C). Bar, 10 I~m. Figure 6 . Ultrastructural analysis of the Nupll6p-GLFG overexpression phenotype. The strain which bears Nup116p-GLFG region behind a galactose inducible promoter was grown in 2% raffinose (t = 0) before shifting to 2% galactose for 5 h (t = 5). Samples from each time point were processed for thin section electron microscopy. NPCs are seen as electron dense rectangular boxes (arrow). No structural perturbations of the NPCs or nuclear envelope were detected in the cells grown in galactose. Intranuclear electron dense particles were seen in these overexpressing cells (arrowhead). Bar, 0.5 ixm.
while Srplp does interact with two members of the FXFG repetitive family (Nuplp and Nup2p) it does not coimmunoprecipitate any of the yeast GLFG nucleoporins (Belanger et al., 1994) .
A putative yeast homologue of vertebrate p97/Imp90/ karopherin 13 (previously referred to as Imp90H) was previously identified by sequence similarity of the human protein to an open reading frame on yeast Chromosome 12 designated L8300.15 (accession number U19028) (Gorlich et al., 1995) . This open reading frame encodes a polypeptide of 861 amino acids with a predicted molecular mass of 94.7 kD, and 34% amino acid sequence identity with human Imp90 (Gorlich et al., 1995) . Because the abbreviation IMP has already been ascribed to yeast genes that are "independent of mitochondrial particle", the name KAP95 (for karopherin of predicted 95 kD), as proposed by Enenkel e~ al. (1995) , will be used here.
To test whether KAP95 encoded an essential gene product, the chromosomal copy of KAP95 was replaced by homologous recombination with the disruption/deletion construct shown in Fig. 9 A. Sporulation and dissection of a heterozygous kap95-1::HIS3 diploid strain resulted in the recovery of only two viable, H i s -spores per tetrad (at 23 and 30°C) (Fig. 9 B) . Microscopic examination of the dissected kap95-1::HIS3 spores revealed that growth did not progress beyond the single, unbudded cell stage. The lethal phenotype of the disruption was rescued by the presence of a single-copy URA3 plasmid bearing an intact KAP95 gene (Fig. 9 C) . Thus KAP95 was an essential gene, as expected for a Nupll6p-GLFG-interacting factor. Figure 7 . Overexpressed GLFG is cytoplasmically localized. The strain which bears the Protein A-GLFG construct behind a galactose inducible promoter was grown in 2% raffinose (t = 0) before shifting to 2% galactose for 5 h (t = 5). Samples from each time point were processed for immunofluorescence. Cytoplasmic localization of Nupll6-GLFG region was by detection of five IgG-binding domains of Protein A fused at the N-terminus. Bar, 10 ~m. Therefore we tested directly for binding between Nupll6p's GLFG region and Kap95p.
Two-Hybrid Interaction between Nup l l 6p-GLFG and Kap95p
To assay for protein-protein interactions between Nup 116p's G L F G region and Kap95p, a two-hybrid method was used (Fields and Song, 1989; Vojtek et al., 1993) . This strategy was based upon the association of two fusion proteins; one with the LexA-DNA-binding domain (LexABo) fused to Kap95p, and one with the GAL4 activation domain The relative level of transcriptional activation was analyzed with a quantitative color assay for 13-galactosidase activity. As shown in Fig. 10 , each hybrid fusion had no capacity for independent activation. However, when the LeXABD-Kap95p and GAL4AD-GLFG fusions were combined, significant levels of 13-galactosidase activity was detected. The level of 13-galactosidase activity was up to 40-fold higher when the LeXABD-Kap95p and GAL4AD-GLFG fusions were combined versus either alone (or with control LeXABD and GAL4AD fusions). To map the GLFG-binding region in Kap95p, three different LexABD-Kap95p fusions were tested. The first 130 amino acids of Kap95p (15%) were necessary and sufficient for interaction with the GAL4AD-GLFG fusion (Fig. 10) . 
Nup l 16p-GLFG and Kap95p Directly Interact
Because the two hybrid assay was conducted in yeast cells, an endogenous yeast protein may facilitate the fusion protein's apparent association. Therefore, the putative interactions were confirmed via a ligand blot assay with bacterially expressed proteins. Full length Nupl16p, Nupll6p lacking the first region (Nupl16A1), and Nupl16p lacking the first region and the GLFG region (Nupl16A12), as well as Nupl00p, Nup49p, and the first 100 kD of Nup145p were fused to MBP. Expression of these constructs in E. coli by induction with IPTG was confirmed by Coomassie staining of protein samples separated by SDS-polyaerylamide gel electrophoresis (Fig. 11 A) . Similar gels were transferred to nitrocellulose membranes, and ligand blot assays were completed using bacterially expressed GSTKap95p. Binding of the GST-Kap95p was detected using a monoclonal antibody against GST (Fig. 11 B) . GSTKap95p bound to full-length Nup116p and Nupl16p lacking the first region only, but not to the carboxy-terminal region of Nupl16p. Thus, Kap95p binding required the Nup116p-GLFG region. GST-Kap95p also interacted with Nupl00p and the first 100 kD of Nup145p (presumably via their GLFG regions), but not with full-length Nup49p. A direct interaction between bacterially expressed GSTKap95p and MBP-Nupl16p-GLFG was also detected by 
Kap95p Nupll6pGLFG
7.0+1-0.9 [3-galactosidase activity was quantitated by ONPG assay Nupll6p GLFG 12.2+/-0.8 (Guarente, 1983) . Each assay Kap95p(1.304) NuplI6pGLFG
6.1+/-0.9 was completed in triplicate.
The plasmid expressing Nupll6p GLFG 3.7+/-0,03 GAL4AD-Snf4 p (Yang et al,, 1992 ) was used to determine the bait specificity of the LexAsv-Kap95p interaction; the plasmid expressing LexABo-Orc2p (gift of C. Hardy, Washington Univ., St. Louis, MO) was used to determine the specificity of the GAL4AD-Nupll6p-GLFG interaction. The schematic drawings on the left indicate the amino acids of Kap95p that were tested for interaction with Nupll6p-GLFG. Amino acids 1-861 represents the full length protein.
copurification by glutathione affinity chromatography (data not shown).
The interaction of these GLFG proteins with other components of the import docking complex was also examined. When a NLS-HSA ligand was included with the GST-Kap95p in the ligand blot assay, binding of the NLS-HSA was not detected using an anti-HSA antibody (Fig.  11 C) . However, if bacterially expressed 6xHis-Srplp was also added, binding of the NLS-HSA was detected (Fig. 11  D) . This binding was also dependent upon an NLS competent for nuclear import. Addition of HSA coupled to the reverse-NLS peptide (which does not support nuclear import [Adam and Gerace, 1989] ), resulted in no binding (data not shown). In the presence or absence of 6xHis-Srplp and/or NLS-HSA, GST-Kap95p continued to bind Nupl16p, Nup145p, and Nupl00p (data not shown).
Discussion
We report here an in vivo requirement for the GLFG region of Nup116p in nuclear transport. This was demonstrated in two ways. First, deletion of the Nup116p-GLFG region conferred a loss-of-function phenotype coincident with a diminished capacity for nuclear protein import. Similar GLFG regions in any of the other four GLFG family members were not required for cell viability. Thus, Nup116p's GLFG region is the first example of a repetitive domain that is required for NPC function. Second, overexpression of the Nupll6p-GLFG region inhibited nuclear export without perturbing NPC/nuclear envelope structure. We also provide a combination of molecular and biochemical evidence that the Nup116p-GLFG region directly interacts with Kap95p, an essential yeast homologue of the vertebrate import factor p97/Imp90/karopherin 13.
An interaction between a vertebrate GLFG region and vertebrate transport factors had been previously documented by a ligand blotting assay (Radu et al., 1995a) . Our studies have found similar results with homologous yeast proteins, and extended this analysis in several ways. By characterizing the interaction with exclusively bacterially expressed proteins, we have documented a direct binding between one component of the docking complex (Kap95p) and Nupll6p's GLFG region. Simultaneous binding of an NLS ligand with the Kap95p/GLFG complex is dependent upon the presence of Srplp. Furthermore, we have mapped the region of Kap95p responsible for interacting with the GLFG region. Kap95p/p97/Imp90/karopherin 13 has no distinct domain structure aside from at least two repeats of a 12-amino acid sequence in its terminal 25% (Chi et al., 1995) . A number of cysteine residues are scattered throughout the sequence and a zinc binding capacity for the full-length protein has been measured (Chiet al., 1995) . By the two-hybrid assay, the first 15% of Kap95p amino acid sequence is necessary and sufficient for interaction with the Nupll6p-GLFG region. The carboxy-terminal 85% of Kap95p may mediate associations with Srplp, transport substrates, or other nucleoporins.
Extensive analysis of vertebrate nucleoporins has also highlighted possible interactions with cytosolic import factors. Many vertebrate nucleoporins are glycosylated on Ser/Thr residues by single N-acetylglucosamine residues (GIcNAc) (Holt and Hart, 1986; Davis and Btobel, 1987; Hanover et al., 1987; Holt et al., 1987) . Wheat germ agglutinin (WGA), a tetrameric lectin that binds to such O-linked GlcNAc proteins, and antibodies that recognize repetitive motif nucleoporins can both block nuclear transport in vitro and in vivo (Finlay et al., 1987; Yoneda et al., 1987; Dabauvalle et al., 1988a, b; Featherstone et al., 1988) . Depletion of WGA-binding proteins from nuclear assembly extracts inhibits the formation of transport-competent nuclei (Dabauvalle et al., 1990; Finlay and Forbes, 1990; Finlay et al., 1991) . Affinity chromatographic depletion of cytosolic transport fractions with immobilized O-linked GlcNAc nucleoporins limits in vitro nuclear import (SterneMarr et al., 1992) . Recently, several direct nucleoporin/ transport-factor complexes have been reported; in yeast Nuplp and Nup2p interact with Srplp (Belanger et al., 1994) , and in vertebrates, NTF2/B2 with rat p62 (Paschal and Gerace, 1995) and Ran/TC4 with RanBP2 (Yokoyama et al., 1995) .
One of many remaining challenges is to delineate when during transport the particular nucleoporin interactions are required. If in vertebrate cells rNup98p interacts with p97/Imp90/karopherin 13 (see below), the nucleoplasmic localization of this nucleoporin would require binding at a post-cytoplasmic docking step (Radu et al., 1995a) . The substructural localization of Nupll6p within the yeast NPC is unknown. From our studies in yeast and those of Davis and coworkers (Belanger et al., 1994) , we propose that Nupll6p and Nuplp/Nup2p constitute two distinct but possibly adjacent binding sites for the subunits of the docking complex. Srplp apparently binds to Nupl/Nup2 in a non-NLS-dependent manner (Belanger et al., 1994) , just as Kap95p binds Nupll6p. Upon NLS-ligand binding to Srplp, a complete complex would form. It will be interesting to determine whether the affinity of the Kap95p/ Nupl16p-GLFG interaction is different in the presence and absence of Srplp and the NLS-ligand. Subsequent translocation through the NPC requires the action of Ran/ TC4 and NTF2/B2 Blobel, 1993, 1994; Melchior et al., 1993; Paschal and Gerace, 1995; .
The phenotypes characterized with the overexpression of the Nupll6p-GLFG region may to be due to the sequestering of Kap95p in the cytoplasm and thus inhibition of the docking step of protein import. Alternatively, the overexpressed GLFG may interact with NPC-bound Kap95p and block its action there. In either case, if Kap95p only mediates import, the observed export blocks are indirect consequences (for example, because a factor required for export is not imported). At this point, our data do not distinguish between inhibition of Kap95p activity in the cytoplasm or at the NPC. However, it is likely that the overexpression phenotype is not due simply to the titration of Kap95p alone by cytoplasmically localized GLFG as expression of Kap95p on a multicopy plasmid is not sufficient to suppress the growth inhibition (unpublished results). We are currently testing whether genetic suppression may require the presence of multiple transport factors, for example Srplp and a nonessential NLSligand. We are also analyzing whether any factors (nucleoporins or soluble proteins) other than Kap95p interact with the GLFG region of Nupll6p.
Previous characterization of a nupll6 null phenotype had implied a possible role for Nupll6p in NPC assembly (Wente and Blobel, 1993) . The nup116 null, temperaturesensitive phenotype is characterized by the formation of a double membrane seal continuous with the inner and outer membranes, respectively, over the cytoplasmic face of the NPCs. This "sealing off" of the Nupll6-depleted NPCs physically blocks nucleocytoplasmic trafficking. However, the null phenotype may be an indirect effect, such that the formation of sealed NPCs may not reflect Nup116p's function in the NPC as much as a general structural instability of the Nupll6p-depleted NPC or a perturbation of a different nucleoporin that has a direct role in NPC assembly. Analysis of null phenotypes is also complicated as a single polypeptide may have more than one function. Each structural region of Nupll6p may function independently; such that the null phenotype may be due to the absence of Nupll6p's carboxy-terminal region. It is also possible that roles in NPC transport or assembly events are not mutually exclusive, and the GLFG region plays a role in both.
Finally, our analysis of the GLFG nucleoporins has revealed that not all GLFG regions are functionally equivalent within the yeast cell. The GLFG region of Nupll6p is the only required GLFG region for cell viability. It is also the only GLFG region that is toxic when overexpressed. However, by in vitro ligand blotting, Nupll6p, Nupl00p, and Nup145p all have qualitatively similar capacities to bind Kap95p. Therefore, in vitro binding alone cannot resolve whether a particular GLFG protein/region has an essential in vivo role in nuclear transport. This conclusion presents several resolutions to the seemingly contradictory biochemical data with vertebrate GLFG nueleoporins; the GLFG region of rNup98p binds to the docking complex (Radu et al., 1995a) , but depletion of the Xenopus p97 homologue does not abolish protein import (Powers et al., 1995) . Like Nupl00p and Nup145p, the vertebrate rNup98p/ p97 may bind in vitro but not be required in vivo. In vertebrate NPCs there may be an uncharacterized nucleoporin that does both. This is supported by the observations of Chi et al. (1995) that the rat homologue of Kap95p is tightly associated with the nuclear envelope. Alternalovine et al. Nup l l 6p Interaction with Import Factor tively, if the GLFG region of rNup98p/p97 is essential, in the Xenopus depletion assay other repetitive motif proteins may compensate at a limited level to give an assayable import phenotype (but not enough import for proper nuclear growth and DNA replication). This would correspond with the viability of the nupl16AGLFG strain at 23°C being due to partial compensation by other GLFG nucleoporins.
Both our in vitro and in vivo analysis support the hypothesis that Nup116p's GLFG region has an essential nuclear transport function. The long range goal is to continue defining the network of structural interactions that mediate NPC function and to further characterize intermediates in the NPC translocation/assembly pathway.
